During heat treatment, the work piece experiences a range of heating rates depending upon the sizes and types of furnace. When the Al-Si-Mg cast alloy is heated to the solutionizing temperature, recrystallization takes place during the ramp-up stage. The effect of heating rate on recrystallization in the A356 (Al-Si-Mg) alloy was studied using dilatometric and calorimetric methods. Recrystallization in as-cast Al-Si alloys is a localized event and is confined to the elasto-plastic zone surrounding the eutectic Si phase; there is no evidence of recrystallization in the center of the primary Al dendritic region. The size of the elasto-plastic zone is of the same order of magnitude as the Si particles, and recrystallized grains are observed in the elasto-plastic region near the Si particles. The coefficient of thermal expansion of Al is an order of magnitude greater than Si, and thermal stresses are generated due to the thermal mismatch between the Al phase and Si particles providing the driving force for recrystallization. In contrast, recrystallization in Al wrought alloy (7075) occurs uniformly throughout the matrix, stored energy due to cold work being the driving force for recrystallization in wrought alloys. The activation energy for recrystallization in as-cast A356 alloy is 127 KJ/mole. At a slow heating rate of 4.3 K/min, creep occurs during the heating stage of solution heat treatment. However, creep does not occur in samples heated at higher heating rates, namely, 520, 130, and 17.3 K/min.
I. INTRODUCTION
THE Al-Si-Mg alloys are widely used for automotive and aerospace applications owing to their good castability and high strength-to-weight ratio. [1] [2] [3] Normally, these alloys are solution heat treated, quenched, and subsequently aged to obtain a good combination of tensile strength and ductility. [4] [5] [6] [7] In our previous studies, we reported the effect of heating rate on solutionizing and artificial aging characteristics of cast Al alloys. [8] [9] [10] The heating rate plays an important role in altering the phase transformation mechanism and kinetics during various heat-treatment stages. Several reports have been published on the effect of heating rate on phase transformation(s) during heat treatment of wrought Al alloys; [11] [12] [13] however, not much has been reported on the effect of heating rate in cast Al alloys.
One of the most common phenomena observed during annealing of wrought Al alloys is recrystallization of the strained Al matrix. Recrystallization results in the formation of strain-free grains. [14] [15] [16] [17] The driving force for recrystallization in wrought alloys is the mechanical energy stored in the Al matrix due to cold working. Cold working increases the defect concentration in the matrix and, thereby, increases stored energy. These defects can be either point defects (vacancies or interstitial), line defects (dislocations), or planar defects (stacking faults). It is well known that recrystallization increases the ductility and decreases the strength of wrought alloys. However, the effect of recrystallization on mechanical properties in as-cast Al-Si alloys (which are not cold worked) has not been studied.
The effect of heating rate on the recrystallization behavior of as-cast A356 alloy during the heating stage of solution heat treatment was studied through dilatometry, calorimetry, and thermal analyses. Dilatometric test measures the coefficient of thermal expansion of the sample over a wide range of temperatures. The coefficient of thermal expansion is an important engineering property for many industrial applications pertinent to dimensional stability. Al alloys are subjected to thermal treatment comprised of hysteresis of temperature to tailor mechanical properties. During the ascent or descent of temperature, constituent phases in the alloy do not expand or contract uniformly. This may cause permanent deformation in the matrix. The published literature lacks data on the thermal expansion behavior in Al-Si-Mg alloys. The objective of this study is to carry out an in-depth analysis of data generated from dilatometric, calorimetric, and thermal analyses tests, and to provide a mechanistic understanding of the effect of heating rate on recrystallization in cast A356 alloys.
II. EXPERIMENTAL PROCEDURE

A. Alloy Preparation
Dilatometry and calorimetry studies were conducted on A356 (Al-Si-Mg) alloy, whose chemical composition is shown in Table I . The alloy was modified with Al-9.9 wt pct Sr and grain refined with Al-5 wt pct Ti master alloy. The alloy was cast in a ferrous permanent mold, preheated to 673 K (400°C). The pouring temperature was 1073 K (800°C). Before casting, the melt was degassed using a rotary impeller by purging ultrahigh-purity Ar gas through the melt for 45 minutes.
B. Dilatometric Test
Cylindrical samples with excellent surface finish for dilatometric tests were machined from cast Al-Si-Mg alloy using an electrical discharge machine. Dilatometric tests were conducted using an MMC quench dilatometer. Samples were heated to 813 K (540°C) from room temperature at four different heating rates. These are 520, 130, 17.3, and 4.3 K/min. Thermocouples were welded on the specimen to record temperature. The change in length (DL) was measured during the heating and cooling stages. Dimensions of each sample were measured before and after the test using a screw gage. Average values of the coefficient of thermal expansion (a) of the A356 alloy heated at different rates were determined by regression analysis, where a ¼ 1 l o dDL dT À Á and l o = original length. The phase transformation temperature (T) was determined by plotting the first derivative of the change in length (i.e., dDL dT ) vs T. The first derivative (i.e., dDL dT ) usually varies linearly with temperature for most alloys. Any deviation from this linearity on the dDL dT vs T plot signifies a phase transformation.
C. Differential Scanning Calorimetric Test
The calorimetric study was conducted using a Perkin-Elmer DSC-7 calorimeter (PerkinElmer, Waltham, MA) on drill chips machined from the A356 alloy. Care was taken to avoid contamination during drilling operations. Tests were conducted at different heating rates. Sample heating rates were 4.3 and 17.3 K/min.
D. Thermal Analysis
Thermal analysis was carried out to study the phase transformation in as-cast A356 alloy (not machined) during the heating stage of solution heat treatment. A phase transformation is accompanied by a release (exothermic) or absorption (endothermic) of thermal energy, which is usually detected by superimposing the first derivative curve (dT/dt vs t) on the heating profile (T vs t). Temperature measurements were carried out using DASYLab software (DASYLab, Monchengladbach, Germany) coupled with a data acquisition system. A K-type thermocouple was used for this study. The thermocouple was placed at the center of the permanent mold cavity, and the melt was poured and allowed to solidify around the thermocouple. Subsequently, the sample was heated in a conventional electrical resistance furnace (CF) with slow heating rate (~18 K/min) and a fluidized bed (FB) furnace with a high heating rate (132 K/min).
E. Microstructural Characterization (Scanning Electron Microscopy and Transmission Electron Microscopy)
Samples for scanning electron microscopy (SEM) were prepared by standard procedures of grinding using different grits of emery paper and electropolishing at 30 V for 20 seconds. The composition of the electrolyte (in volume percent) was 60 pct ethyl alcohol, 20 pct percholoric acid, and 20 pct ethylene glycol. Samples for transmission electron microscopy (TEM) were prepared by focused ion beam (FIB) milling. The procedure for preparing TEM foil using FIB is reported elsewhere. [18] The advantage of using FIB to prepare TEM foil is that large TEM samples can be prepared from an exact region of interest.
III. RESULTS AND DISCUSSION
Results of dilatometric analysis, differential scanning calorimetry (DSC) analysis, thermal analysis, and microstructural analysis are presented and discussed in the ensuing Sections III-A through III-D. Figure 1 shows the change in length of samples heated at different rates. The coefficient of thermal expansion was determined by linear regression of strain vs temperature data and is given in Table II for different heating rates. The linear regression shown in Figure 1 was carried out for temperature data ranging from room temperature to the temperature just below the Table II shows that there is no significant change in sample dimensions before and after the dilatometric tests were conducted at high heating rates (i.e., 17.3, 130, and 520 K/min), whereas for the low heating rate value (4.3 K/min), the dimensional change (both length and diameter) was significant. The variation of strain with temperature is almost reproducible during heating and cooling except in the case of the lowest heating rate (4.3 K/min), where a significant decrease in strain is noticed during the temperature ramp-up stage. This is because creep occurred when the sample was heated at the lowest heating rate, thus resulting in permanent deformation of the test piece. Results of the dilatometric test show that heating the test piece at the slowest heating rate (4.3 K/min) adversely affects the dimensional stability of A356 alloy casting.
A. Dilatometric Analysis
Dimensional stability
Recrystallization
Dilatometry results (Figures 2 and 3) show that the as-cast A356 (Al-Si-Mg) alloy undergoes recrystallization, though the cast alloy was not cold worked. This is evident from the plot of dL/dT vs T ( Figure 2 ) at different heating rates. In general, a typical metallic trend yields a constant value of dL/dT value in a certain temperature range. A phase transformation is marked by a change in the value of dL/dT at the transformation temperature. Table III presents the variation of the recrystallization temperature with heating rates. It is noted that the recrystallization start temperature decreases with decreasing heating rate. Table III also presents an interesting observation. One of the samples was treated to two thermal cycles: (1) heated at 130 K/min to 813 K (540°C), isothermally held for 5 minutes at 813 K (540°C), and cooled rapidly at 30 K/min; and (2) reheated at 130 K/min to 813 K (540°C), isothermally held for 30 minutes at 813 K (540°C), and cooled rapidly at 30 K/min. Recrystallization is observed during the heating stage in both thermal cycles, as presented in Table III (4 and 4-R min ramp-up time). The reoccurrence of recrystallization during reheating of the sample is due to the in-situ nature of the driving force for recrystallization, i.e., generation of thermal stresses owing to mismatch at the interfaces between Al and Si phases during cooling and heating stages. In addition, there is a delay in the onset of recrystallization in the reheated sample (4-R min ramp-up time) as compared to those when the sample was heated during the first cycle (4 min ramp-up time). This is because the recrystallization rate is high when the grain size is small. The observed delay in the recrystallization process in the reheated sample is due to the difference in the initial grain structure between the first and second heating cycles. The grain size of the eutectic Al phase during the first heating cycle was smaller than that during the second heating cycle. The activation energy was calculated using the modified Kissinger model, [19, 20] which is represented by Eq. [1] :
Here, T f = transformation start temperature, Q = heating rate, E = activation energy, and K o and b f * are constants. The activation energy calculated by regression analysis is 127 KJ/mol. In addition to the recrystallization peak, recovery is also observed in the case of the slowest heating rate (i.e., 4.3 K/min). However, no recovery peaks are noted for higher heating rates (520, 130, and 17.3 K/min). This is because sufficient time for recovery was not available at higher heating rates.
Creep during heat treatment
It is evident from the dilatometry plot shown in Figure 1 that creep occurred only when the sample was heated at the low heating rate of 4.3 K/min. At the low heating rate of 4.3 K/min, creep started at 623 K (350°C), which is far below the solidus temperature. Hence, the possibility of incipient melting is ruled out. The stress applied during the dilatometry test was 0.14 MPa, which is low. Hence, it is very unlikely that the mechanism of creep is by dislocation climb. Hence, despite the generation of dislocations during rapid heating (as discussed later in Section B on TEM analysis) no creep was observed when the sample was heated at rates higher than 4.3 K/min. The mechanism of creep in cast Al-Si-Mg alloy heated at 4.3 K/min is due to either bulk or grain boundary diffusion. The bulk diffusion is due to vacancy or interstitial diffusion (Nabarro-Herring creep). However, creep due to grain boundary diffusion is not ruled out, since no TEM observations were made on grain boundaries. In general, grain boundary diffusion is favored at relatively low temperatures, as it requires less activation energy, whereas bulk diffusion is favored at high temperatures.
For bulk diffusion, atoms diffuse through vacancies or interstitial sites. Since bulk diffusion is a relatively slow process, creep occurred only in the samples tested at the slow heating rate of 4.3 K/min. The important finding of this study is that creep can take place during solution heat treatment of cast Al alloys at slow heating rates in spite of the fact that there is no externally applied stress. In industrial heat treating practices, castings are stacked over each other and the resultant stress induced by the weight of castings on each other may be sufficient to result in creep. Therefore, to avoid such deformation, care should be taken to heat the casting at a very fast rate and reduce the overall solution heat-treatment time to less than an hour. In order to observe the effect of high heating rate and holding time, a retest was conducted on the sample (heated at 130 K/min), where the sample was reheated at 130 K/min and isothermally held at 813 K (540°C) for 30 minutes. No creep was observed, as shown in Figure 4 . Thus, we infer that rapid heating and reduced holding time can avoid creep during heat treatment of cast Al alloys.
B. Differential Scanning Calorimetric Analysis
A typical DSC thermograph of A356 alloy during the temperature ramp-up stage of solution heat treatment is shown in Figure 5 . The DSC result is consistent with the dilatometric test. An exothermic peak due to recrystallization was observed at different heating rates. The recrystallization start temperature decreases with a decrease in heating rate. The recrystallization temperature at different heating rates determined via DSC is lower as compared to those determined by dilatometry tests (Table III) . The difference between recrystallization temperature determined from DSC and dilatometry tests could be due to differences in the sensitivity of measuring methods. Enthalpies for transformation at 17.2 and 4.3 K/min are 8.469 and 9.446 J/g, respectively. 
C. Anomalous Results between Dilatometry and Thermocouple Measurements
A typical thermal analysis plot is shown in Figure 6 . Samples were heated in both the CF and FB. Heating rates in CF and FB are 18 and 132 K/min, respectively. The recrystallization peak is noted in both cases. The start and end temperatures of recrystallization for samples heated in FB and CF are listed in Table IV .
Thermal analysis results show that temperatures at the start and end of recrystallization decrease with increasing heating rate. This is in contrast to the results obtained by both dilatometry and DSC experiments, which showed a higher recrystallization temperature at high heating rates. In general, low heating rate results in greater recovery, and hence lower driving force for recrystallization (or higher recrystallization temperature). It may be worthwhile to mention that thermal analysis was conducted on the as-cast alloy (without machining), whereas both dilatometric and DSC experiments were conducted on machined samples. In addition, dilatometric and DSC experiments were conducted on very small samples with relatively high surface area per unit volume as compared to samples on which thermal analysis tests were conducted. It is well known that surface energy per unit volume contributes to the driving force for recrystallization and enhances recrystallization kinetics. However, further study is needed to understand the role of machining and surface area per unit volume on recrystallization kinetics. recrystallization, as shown in Figure 8 (a). It is clearly observed that recrystallization is limited to the eutectic region and at the periphery of primary dendrites (close to eutectic Si). No recrystallized grain is observed at the center of primary Al dendrites. The Al/Si interface is the heterogeneous site for nucleation of recrystallized grains, since all recrystallized grains have a common boundary with Si phase. Recrystallization of eutectic grains was detected during dilatometry, DSC, and the thermal analysis test. For comparison purposes, a typical recyrstallized microstructure of wrought Al-Mg-Si alloy (7075) is shown in Figure 8 (b). It shows uniform recrystallization of primary Al grains as opposed to the preferential recrystallization in the as-cast Al-Si-Mg alloy (shown in Figure 8(a) ). Recrystallization in cast alloys is confined to regions near Si particles, because thermal stress is high near the Si/Al interface. The size of the elasto-plastic deformation zone (Z), which is the region stressed due to thermal mismatch, can be estimated by [21] 
D. Microstructural Observations
SEM analysis
where r = radius of Si particle, a m = coefficient of thermal expansion of Al matrix (22.7 lm/m K [22] ), a p = coefficient of thermal expansion of Si particle (2.6 lm/m K [22] ), DT o = temperature difference, E m = Young's modulus of Al matrix (70 GPa [22] ), m m = Poisson's ratio of matrix (0.34 [22] ), and r y = yield strength (96.53 MPa [10] ). In the preceding equation, the following assumptions were made: [21] (1) particle is spherical and isolated in the matrix, (2) particle/matrix interface is stable (no dissolution or spherodization), (3) particle is elastic, and (4) alloy contains monosize particles.
It is reasonable to assume that below the recrystallization temperature, the interface is stable and no morphological transformation of Si takes place. The calculated value of the elasto-plastic zone size is plotted in Figure 9 as a function of Si particle size for different values of temperature differences (DT). The elastoplastic zone size is of the same order as the particle size and increases with increasing temperature difference. The matrix is stressed in the elasto-plastic zone; hence, it is reasonable to expect that recrystallization should occur in this region. The microstructural observation of elasto-plastic zone size is consistent with the calculated value. The size of recrystallized grain is of the same order as that of the Si particle. The preceding model explains why recrystallization in as-cast Al-Si alloy is confined to regions near the eutectic Si, and the reason for smaller recrystallized grains compared to those commonly observed in wrought Al alloys.
2. TEM analysis TEM samples were prepared at various microstructural locations to study the effect of the heating rate during the heating stage of solution heat treatment. Figures 10(a) and (b) show typical TEM micrographs of A356 cast alloy in (a) a specimen heated to 813 K (540°C) in a FB at 132 K/min and in (b) a specimen isothermally held at 813 K (540°C) in FB for 30 minutes. In a previous study, [8] it was noted that it takes 4 minutes to heat the sample to 813 K (540°C) in an FB. The TEM foils were machined from the periphery of the dendrite (including a part of Si). Figure 10 (a) reveals that dislocations are generated during the heat-up stage (FB treatment) at the Si/Al interface due to the thermal mismatch between Al and Si particles. There is a difference in the order of magnitude between the coefficient of thermal expansion of Al and Si phases. Due to the high heating rate in FB, thermal stresses generate dislocation networks near the Si/Al interface. The presence of these dislocations indicates that the Si/Al interfaces are subjected to thermal stress, which acts as the driving force for recrystallization of Al grains. No dislocations are observed in the center of the primary dendrite. This indicates that the magnitude of thermal stress decreases away from the Al/Si interface. In addition, it also explains why recrystallized grains were not observed in the center of the dendrites. On isothermal holding the A356 alloy for 30 minutes, a significant annihilation of dislocations was noted. Dislocation networks generated during the temperature ramp-up stage grow and are annihilated during isothermal holding, thus decreasing the overall dislocation density.
On the contrary, no dislocations are observed near the Si/Al interface when the casting was heated at a slow heating rate (18 K/min) in the CF (Figure 11(a) ). The sample was heated slowly in the CF for 30 minutes and subsequently taken out of the furnace and cooled in still air. As expected, isothermal holding of the casting at 813 K (540°C) in a CF for 6 hours does not reveal any structural features such as dislocations near the eutectic Si/Al interfaces (as shown in Figure 11(b) ). The absence of dislocations in samples heated in the CF (slow heating rate) indicates that lower thermal stresses are generated. Thus, it is clear that a high heating rate 
E. Fundamental Difference between Recrystallization in As-Cast vs Wrought Al Alloys
The driving force for recrystallization in as-cast Al-Si-Mg (A356) alloys is due to the thermal stresses generated at the Al/Si interface owing to the thermal mismatch between Al and Si particles. The coefficient of thermal expansion of Si (2.6 lm/m K) particles is lower than that in Al (22.7 lm/m K). [22] Thermal stresses induce thermal strains in the Al matrix. The amount of thermal stress generated at the Si particle/Al interface due to thermal mismatch at annealing temperatures can be estimated. [23] Assuming a single spherical elastic particle in an elastic matrix, Brooksbank and Andrews [23] reported that the maximal shear stress, s M , that acts in planes oriented at 45 deg with respect to the radial vector of the sphere is given by
where indices 1 and 2 refer to the particle and matrix, respectively, and (T a À T f ) = temperature difference from stress-free state, a= mean coefficient of thermal expansion over (T a À T f ) range, E = Young's modulus, v = Poisson's ratio, R = radius of particle, and r = distance from the center of the inclusion. For the case of the Al-Si system, by taking a 1 = 2.6 9 10 -6 /K and a 2 = 22.7 9 10 -6 /K, E 1 = 165 GPa, E 2 = 70 GPa, v 1 = 0.22, v 2 = 0.34, (T a À T f ) = 20 K (20°C), and dimensional factor (R/r) = 1 [22] in Eq. [3] , the maximal shear stress at the interface that would be induced by a temperature change of 20 K (20°C) equals 23 MPa. The lowest temperature at which recrystallization took place was 470 K (197°C). Substituting T f = 470 K (197°C) and T a = 300 K (27°C) (room temperature) in Eq. [3] , and keeping values of all other parameters at the values given previously, the evaluated value of the maximal shear stress is 198 MPa. This shows that significant thermal stress can be generated at the particle/matrix interface for recrystallization of Al. However, the model is a rough approximation, since it is based on the assumption that the Si particle is spherical and the dimensional factor (R/r) in Eq. [3] is assumed to be unity. It is a fact that there is more than one Si particle in the Al matrix, and Si particles are not always spherical. Hence, the dimensional factor (R/r) in Eq. [3] can be lower than unity, and consequently, the maximal shear stress will be higher than the estimated value. The value obtained by the preceding model is a conservative number. Local plasticity occurs in the vicinity of the particle/matrix interface during solution heat treatment [23] due to high thermal stresses. In general, local plasticity owing to thermal mismatch results in high dislocations in the Al matrix, which is well known to enhance recrystallization kinetics.
Since the thermal stress is highest at the particle/ matrix interface, it is more likely that the interface will act as the nucleation site for recrystallization. Thermal stresses significantly reduce away from the particle/ matrix interface. This is evident from the dislocation pileup at the Si/Al interfaces (as shown in Figure 10(a) ) and the lack of it thereof at locations farther away from the interface. The absence of dislocations at locations farther away from the interface indicates that the matrix at the center of the dendrite experiences reduced thermal stresses. Hence, the driving force for recrystallization at the center of the dendrite is too low for recrystallization to occur. Consequently, no recrystallization was observed at the center of dendritic regions. The differential nature of thermal stress in the Al matrix of as-cast Al-Si alloys causes recrystallization to be a localized phenomenon confined mainly near the vicinity of Si particles. On the contrary, recrystallization in wrought alloys takes place uniformly throughout the Al matrix. Typical recrystallized grains observed in the Al 7075 wrought alloy are shown in Figure 8(b) . In the latter, the stored mechanical energy due to cold working is the driving force for recrystallization. Since the stored mechanical energy is uniform throughout the matrix, recrystallization takes place uniformly. In addition, owing to the differences in driving force for recrystallization, cast alloys and wrought alloys exhibit completely different recrystallization behaviors. In the case of wrought alloys, recrystallization can be completed by one annealing treatment, whereas in the case of cast alloys, even during the reheating cycle, recrystallization is observed. This is evident from the reappearance of the recrystallized peak in the dilatometry plot, where the sample was reheated (i.e., second thermal cycle), as shown in Figure 4 and Table III . Whereas in wrought Al alloys, stored mechanical energy is consumed during one recrystallization process. Moreover, in cast alloys, the heating cycle is accompanied by a rapid cooling cycle, during which thermal stresses are regenerated at the Al/Si interfaces providing the driving force for recrystallization (heating and cooling).
Fundamental differences between recrystallization in as-cast and wrought alloys are summarized in Table V . These differences in recrystallization behavior arise due to differences in driving forces. Recrystallization is known to play a significant role in wrought alloys to increase ductility. However, the role of recrystallization in cast alloys is not well studied. One technical difficulty to study the role of recrystallization in cast alloys is to decouple its effect from other microstructural changes occurring during the solution heat-treatment process. Typical examples of microstructural changes during solution heat treatment are as follows: spherodization of Si and intermetallic phases, dissolution of intermetallic phases, reduction of microsegregation, and localized recrystallization of the Al matrix. These microstructural changes have a compounded effect on the final mechanical properties of the material. Some possible effects that might result owing to recrystallization in as-cast Al-Si-Mg alloys are as follows: (1) formation of precipitate-free zone or grain boundary precipitates; and (2) formation of soft zone in the Al matrix, thus providing an easy path for crack propagation during tensile or fatigue testing.
IV. CONCLUSIONS
The following critical conclusions are drawn from this study.
1. Due to rapid heating in an FB, dislocations are generated at the Si/Al interface, whereas in a CF, with relatively slow heating rate, no dislocations are observed at the eutectic Si/Al interface. 2. Recrystallization occurs during the temperature ramp-up stage of solution heat treatment in cast A356 alloy. The evaluated value of activation energy of recrystallization in cast A356 alloy is 127 KJ/mol. 3. Recrystallization in cast Al-Si alloys is a localized phenomenon and occurs in the vicinity of eutectic Si particles. This is in contrast to recrystallization in wrought alloys, where recrystallized grains evolve throughout the matrix. The difference between recrystallization behavior in cast and wrought alloys is due to their differences in driving force for recrystallization. In the case of cast Al-Si alloy, the driving force for recrystallization is due to thermal mismatch between Al and Si, which is in situ (i.e., generated during thermal cycle), whereas in the case of wrought Al alloys, the stored mechanical energy is the driving force for recrystallization, which is ex situ (i.e., generated during cold working prior to thermal treatment). 4. Both dilatometry and DSC tests show that the recrystallization temperature increases with increasing heating rate. This is in contrast to the thermal analysis conducted by temperature measurement. This anomaly, however, is less clearly understood and further investigation is needed to explain the observed result. 5. Creep occurred in the A356 alloy when the sample was heated slowly at a rate of 4.3 K/min. However, samples heated at higher heating rates (520, 130, and 17.3 K/min) did not result in permanent deformation due to creep. 
